Abstract. Blood meals of 7552 mosquitoes of 13 species were identified from sylvan and urban areas of Charleville, southwestern Queensland, Australia, between 1976 and 1979. Over 80% of the meals identified were from Culex annulirostris, the major vector of Murray Valley encephalitis in Australia. The feeding patterns of Cx. annulirostris snowed remarkable consistency between years, but the relative abundance of available hosts within and outside Charleville played a major role in influencing host selection. In sylvan sites mammalian feeding ranged from 85 to 93%, whereas in town sites where chickens were common this was reduced to between 57 and 67%. Culex quinquefasciatus and Cx. australicus fed predominantly on birds (domestic poultry and passerines, respectively). Anopheles annulipes, An. amictus, and 6 Aedes spp. fed mainly on mammals, whereas Cx. (Lophoceraomyia) cylindricus fed predominantly on poikilotherms. These host-feeding data are in keeping with other studies in Australia suggesting that Cx. annulirostris prefers to feed on mammalian rather than avian blood if it is available.
Although Murray Valley encephalitis virus (MVE)
has been recognized as an important pathogen of man in Australia for many years, and many epidemiological studies have been undertaken, the role of birds in its transmission is still unclear. The town of Charleville (26°24'S, 146°17'E) in the semiarid region of southwestern Queensland, Australia, has been a major site of epidemiological research with respect to arbovirus infection in sentinel chickens and wild mammals (Doherty 1974) and also for entomological studies (Kay 1979a ,b, 1983 , Kay et al. 1979a .
Since infected birds are suspected of transporting MVE from endemic northern Australia to the Murray Valley in Victoria (Anderson 1954) and Charleville is on the supposed flight path, it was relevant to study the host-feeding patterns of the major vector, Culex annulirostris Skuse. The feeding patterns from within the town of Charleville were compared with those of its sylvan surrounds, and these data in turn compared with known data from other areas of Australia.
MATERIALS AND METHODS

Study area
Charleville (Fig. 1) , situated on the Warrego River in the Murray-Darling watershed, is a town of 3800 residents. The vegetation is largely arid scrub and tropical mulga and eucalypt woodland. Sheep and cattle are grazed in this area.
The mean annual rainfall (30-year average) of 515 mm falls principally in summer, especially January to March (225 mm). Local rainfall and precipitation in the catchment areas to the northeast cause annual flooding of the Warrego River and its side channels, including Bradley's Gully, which bisects the town. When the water subsides, leaving numerous pools, heavy breeding of Cx. annulirostris and other mosquitoes occurs. By winter the river is usually reduced to a string of waterholes and may remain as such until flooding occurs again the following summer. On the outskirts of town, 4 large sewage settlement ponds provide permanent water in which waterbirds congregate and Cx. annulirostris, Cx. quinquefasciatus Say, and An. annulipes Walker breed.
Daily maximum temperatures of 32-35 °C are common throughout summer but in winter the average minimum temperature is 3.5 °C.
Collection and testing procedure
Blood-engorged mosquitoes were collected by a 100-mm-diam aspirator powered by a 12-V motorcycle battery (Kay 1983) during 4 wet seasons from 1976 to 1979 (3-22 February 1976 , 25 January-7 April 1977 , 5 February-9 March 1978 , 6-22 March 1979 and 1 dry season (17-25 October 1978) . Seven transects in sylvan areas are shown by consecutive numbers in Fig. 1 : open woodland sites 1-3, past the settlement ponds up to 3 km from Charleville (258 collections); site 4, 2 km along the old Cunnamulla Road in grass and flood debris of the side channels of Warrego River (174 collections); sites 5-6, northeast of the town at Parker's property and 1 km further along the Warrego River in grass, tree stumps, and flood debris (620 collections); and site 7, at the toilet block northeast of Wills Street and under the bridge (24 collections).
A similar number of town transects were selected as follows: sites 8-11, in undergrowth along Bradley's Gully at Wildie, Wills, King, and Carter Streets (615 collections); site 12, at the Showgrounds from foliage, unoccupied sheds, or rubbish bins (16 collections); site 13, a domestic pumpkin patch in Carter Street (96 collections); and site 14, the verandah and gardens of 2 houses in Parry Street (316 collections). Each site was monitored daily on each visit. Data from sylvan and town sites were compared.
Blood meals of mosquitoes were identified by precipitin test at Imperial College, London, following the procedure described by Kay et al. (1979b) .
Data on host-feeding patterns were tabulated as number of mosquitoes feeding on a particular host and also as Williams' means (x w ) expressed as a percentage of the total. To compare general hostfeeding patterns, Williams' means were used to minimize possible bias associated with any extraordinary results. Each year an accurate census was completed for the major animal species within the town by house-to-house survey, and for some animals by comparing these counts with local authority registrations. However, in sylvan areas this was not feasible because of logistical difficulties and the cryptic habits of some of the wild species.
Possible changes in feeding patterns were examined quantitatively using the Feeding Index of Kay et al. (1979a) , defined as follows:
Feeding Index (FI) = (Ne/Ne') + (Ef/Ef) where Ne and Ne' are the observed number of feeds on hosts 1 and 2, and Ef and EP are the expected proportion of feeds on hosts 1 and 2, based on their relative abundance and availability. Thus an index of 1.0 indicates that feeding took place on the 2 hosts in proportion to their relative abundance. A feeding index of <1.0 and >1.0 * These blood meals were either (a) too small for specific identification or (b) from other mammals or birds for which there were no antisera.
indicate decreased or increased feeding, respectively, on the 1st host relative to the 2nd one.
Host-vector concurrence ) estimates the relative chances of a mosquito coming in contact with a particular host species. At Charleville, the following 2 factors were surveyed: relative proportion of hosts indoors and outdoors at peak activity time, and proportion of residents using either insect-proof screening on windows or other personal protection. The times of peak biting activity and the degree of exophagy for Cx. annulirostris and Cx. quinquefasciatus were estimated from preliminary studies at Charleville and from data collected at Kowanyama, northern Queensland (Kay 1978) . Host-vector concurrence (HVC) for host H relative to host H' is calculated as follows: Seventy-one percent of Cx. cylindricus Theobald fed on poikilotherms, mainly reptiles.
Culex annulirostris fed mainly on mammals, but this was influenced by the abundance of animal species. Within the town of Charleville where domestic chickens were common, mammalian feeding ranged from 56-67%, but in the sylvan surrounds this percentage increased to 85-93% (Table  3) . Animal census data for the town area are given in Table 5 from observations during 1977-1979; cattle, horses, macropods (mainly the Grey Kangaroo, Macropus giganteus, and Agile Wallaby, M. agilis), rabbits, and birds were abundant outside the town but were not counted.
Host-feeding patterns of mosquitoes were influenced by the abundance of animal hosts within a particular habitat type. Hence in sylvan areas, 27-38% of Cx. annulirostris feeds were on cattle, whereas only 8-13% of feeds from engorged mosquitoes collected from the town were on bovids. Similarly, the amount of feeding on horses, marsupials, and rabbits was less in town. In contrast, feeding on domestic animals such as dogs and chickens was much greater in the town collections (e.g., dogs: town 24-32%, sylvan 5-6%). These data were remarkably consistent from year to year [e.g., feedings on cattle for 1977, 1978, and 1979 in sylvan (35, 38, 27%) and urban areas (13, 10, 8%), respectively].
Feeding indices were calculated for Cx. annulirostris and Cx. quinquefasciatus within the town, based on the data given in Tables 2-4. The feeding indices show that Cx. annulirostris had the greatest propensity for feeding on cattle and horses relative to dogs, chickens, ducks, and man (Table 5) . Culex quinquefasciatus fed more readily on birds (ducks more so than chickens) than on horses, cattle, dogs, and man. Compared to Cx. annulirostris, Cx. quinquefasciatus fed more readily on birds than on mammals; nevertheless, the latter species was more anthropophilic. Dogs were relatively more attractive to Cx. quinquefasciatus than livestock.
DISCUSSION
There were certain difficulties in setting up a protocol for comparison of host-feeding patterns within and outside Charleville. Transects for the aspirator collections were carefully chosen to min- imize known sources of bias, such as occupied dog kennels, fowl coops, and house interiors. Bradley's Gully, however, provided sites of minimum bias, as blood-engorged mosquitoes, especially Cx. annulirostris, could easily fly from the variety of hosts within town, including those on domestic premises, to rest in either the lush foliage or in several vacant man-made shelters. Although these shelters were sampled, it is possible that they do not represent a true sample of the Cx. quinquefasciatus population, which often rested indoors in occupied residences, dog kennels, or in chicken coops that we avoided. Thus feeding on man, dogs, and chickens may have been underestimated for this species. Because mosquito populations were low during the dry season of October 1978, our comparison of host feeding was based mainly on the 3 wet-season collections of 1977, 1978, and 1979. In contrast to our previous collecting experiences at Kowanyama, resting Cx. annulirostris were easily detected and aspirated, mainly from under- growth (Kay 1983) , providing >80% of the 7552 meals identified. Numbers of An. annulipes and Cx. quinquefasciatus were sufficient for some analysis, and identification of the natural blood meal sources of Ae. theobaldi eidsvoldensis, Ae. tremulus, and Cx. cylindricus are novel.
Host-feeding patterns of mosquitoes are known to be influenced by a multiplicity of environmental factors such as host abundance, availability and accessibility, tolerance to mosquito attack, temperature, photoperiod, and wind (Edman 1971 , Tempelis 1975 . Data presented in our study clearly demonstrate that the relative abundance of animal species has a marked effect on the host-feeding patterns of Cx. annulirostris, known to be predominantly exophagic (Kay 1978 ) with broad mammalian feeding preferences . Hence, within Charleville where chickens were abundant, only 61 % of Cx. annulirostris blood meals were identified as mammalian, with dogs kept outdoors the predominant blood source (Table 3) . Less than 4% of feeds were of human origin, mainly because residents were indoors, sometimes in screened houses, at the time of peak Cx annuli- rostris biting activity during the early hours of the evening (Kay 1978) . By contrast, Cx. quinquefasciatus fed more often on human blood (12%), probably because this species enters houses more readily than Cx. annulirostris.
Host-feeding patterns within Charleville (Table   5 ) could be expressed as feeding indices ) because adequate annual census data and some data on host-vector concurrence were available. The feeding of Cx. annulirostris (Ca) and Cx. quinquefasciatus (Cq) on selected hosts could then be compared with data from Kowanyama, northern Queensland (Kay et al. 1979b) . Although there were some differences in the magnitudes of the indices, a comparison of these expressed as F.I. (Ca)/F.I. (Cq) showed that host-feeding patterns at the 2 localities were relatively similar (Table 6 ). Since there is little variation in the host preferences per se of Cx. annulirostris and Cx. quinquefasciatus at these 2 localities (P < 0.01; Kay et al. 1979b) and because abundance and host-vector concurrence (the latter with some reservations) have been accounted for, we would conclude that the additional environmental factors affecting host-feeding patterns are probably also similar.
As expected, the host-feeding patterns of Cx. annulirostris in sylvan areas around Charleville were different from those within the town (Table 3) , in keeping with the abundance of major hosts (cattle, kangaroos, wallabies, horses, and rabbits). In total, 90% of Cx. annulirostris blood meals from sylvan transects were mammalian, despite the abundance of waterfowl feeding and roosting in the settlement ponds and passerines and parrots along the Warrego River. These findings are comparable to those from Beatrice Hill in the Northern Territory (Muller et al. 1981) , a locality that bears some similarities to Charleville in terms of land use, topography, and to a lesser extent, climate. Of all mosquitoes tested, 86% fed on mammals on the sylvan outskirts of Charleville (Table 1) compared to 58% within the town (Table 2 ).
The propensity of Australian Anopheles and Aedes for feeding on mammals, of some Cx. (Lophoceraomyia) spp. for poikilotherms, and of Cx. pipiens group mosquitoes (particularly Cx. australicus) for birds is now becoming well known (Lee et al. 1954 , Kay et al. 1979b , Muller et al. 1981 . The absence of evidence of chicken feeding by Cx. australicus collected in sylvan areas around Charleville may be attributable to either a preference for passerines or possibly to a limited flight range that may have restricted this species to the Warrego River area. Because of the low specificity of their chicken antisera, such feeds recorded by Lee et al. (1954) must be interpreted with caution and probably should be classified more correctly as avian.
Our investigation has provided additional knowledge of the host-feeding patterns of mosquitoes in an area where previously little was known and has demonstrated the effect of environmental factors (e.g., abundance). Similarities exist between the results of our study and those at Kowanyama and Beatrice Hill in northern Australia (Kay et al. 1979b , Muller et al. 1981 . In relation to the epidemiology of Murray Valley encephalitis virus in Australia, further host-feeding investigations either near breeding colonies in inland riverine plains of New South Wales or Victoria or in other situations where birds predominate (e.g., Charleville settlement ponds) are warranted to establish whether the host-feeding patterns of Cx. annulirostris are influenced by the extreme abundance of avian blood. During the course of our study from 1976 to 1979, although at times birds were predominant around the settlement ponds, mammalian feeding predominated.
